Moving particles and the topographic bed under muddy water or in sediment-laden flow are often clouded by suspended sediments, making it hard to detect or analyze for visualization. This paper concerns applications of ultrasound imaging measurement method for the visual measurement of related water-sand parameters during sediment transport process in hydraulic model experiments.
INTRODUCTION
During the sediment transport process, research on realtime measurements of sediment particles' incipient movement and suspended-load sediment concentration, including its spatial distribution, bed-load sediment motion and riverbed erosion and deposition, is of vital theoretical and practical significance (Roushangar et to obtain the profile image is a better method, and can be further applied for the visual measurement of sedimentladen flow and underwater topographic riverbeds after image processing. According to phase-array ultrasonic imaging principle, an ultrasonic beam that is transmitted from a B-mode ultrasound device has good penetration in sediment-laden flow (Bamberger & Greenwood ; Pal & Ghoshal ) . It can realize the real-time imaging of the sediment transport process. Therefore, this paper directly uses a B-mode ultrasound device to obtain the real-time imaging of sediment-laden flow and underwater topography. We obtained many B-mode ultrasound images of suspendedload particles, bed-load sediments and underwater topography, under clear or muddy water during our hydraulic model experiments.
From the obtained B-mode ultrasound images, the statistical analysis of suspended sediment particles' imaging spots, we can obtain the SSC and its spatial distribution in the water. Through the recognition and extraction of the topography bedform imaging bright band, we can achieve the real-time measurement and 3D reconstruction of the surface bed under muddy water. When the sediment particle source is fixed and flow condition is under control, we can obtain the incipient motion states of bed-load sediment particles under the effect of different water flows. After statistical analysis of the number of moving sand particles and the imaging boundary of the topographic surface at the same time, during multiple frame images, we can realize the measuring analysis of sediment incipient motion and incipient velocity. Therefore, ultrasound imaging measurement and real-time dynamic analysis of SSC, including its space distribution, flow velocity and field, sediment incipient velocity and underwater topographic bed during sediment transport process can be realized after suitable image processing. This will promote the development of sediment movement law and related hydraulic model experiment measurement techniques. Thus, for B-mode ultrasound imaging measurement issues of SSC, underwater topography, flow velocity field and sediment incipient velocity during sediment transport process in hydraulic model experiment, we put forward some novel solutions and measuring methods.
ULTRASOUND IMAGING SYSTEM

Imaging principle
As we all know, B-mode ultrasound diagnostic apparatus is widely used in medicine, and hearts and kidneys and even blood vessels are clearly shown by using this device (Zhou et al. ) . The ultrasonic probe of the B-mode ultrasound diagnostic apparatus transmits a series of acoustic waves and receives the echoes of waves back from the human body. The frequency of acoustic wave is higher than 20 kHz (generally around 1-20 MHz) with strong penetrability after a series of echoes' signal processing inside the device. The ultrasonic probe is a kind of phased array probe based on piezo-electric effect, which can be controlled by humans according to the requirement of the imaging target. The ultrasound imaging of the human body can be realized after a series signal control and processing.
The ultrasound imaging principle of a B-mode ultrasound device for sediment-laden flow in hydraulic model experiments is the same. The probe of the B-mode ultrasound device generates ultrasonic waves to water, and the ultrasonic waves are reflected from sediment or the topographic bed. Then, the probe receives their echoes. The time of passage of the ultrasonic waves is measured electronically and allows for the determination of the distance from sediments to the probe. Lastly, a profile image of the inner object is formed after a series of signal processing steps within the B-mode ultrasound device. Thus, the ultrasound images of sand or sediment in the water are formed in this way. The B-mode ultrasound device used is SIUI APOGEE 1100 Digital Color Doppler Ultrasound Imaging System, named APOGEE 1100 for short, and is shown in 
IMAGING MEASUREMENT METHOD
Statistics of imaging spots
In order to count the number of suspended particles in the B-mode ultrasound image, a pixel labeling method based on the morphological risk estimation was used to identify the statistical sand spot. The flow chart of the method is shown in Figure 5 . In order to make the method work better, this method takes a threshold segmentation method to analyze the imaging spots after a series of image preprocessing. When there is sandy terrain under the water during the experiment, due to the strong reflection of sandy terrain, the imaging bright band of underwater topography will cause a large white area at the lower part of the image, which causes in general higher pixel values at the bottom. When the SSC in the water is too high, due to excessive suspension above the water flow, which will cause a strong attenuation of the ultrasonic signals, the ima- Figure 6 well testifies the feasibility of the pixel labeling method based on morphological risk estimation.
Extraction of imaging bedform
In order to preserve the original information of the B-mode ultrasound image, such as the imaging signal of the sus- 
Measurement of imaging particle velocity
In order to measure the moving velocity of imaging spots in the ultrasound image, we take an ultrasound particle image velocimetry (UPIV) method based on the velocimetry algorithm and the sweep correction. Just like optical particle image velocimetry (PIV) analysis, this UPIV method is also based on a cross-correlation technique, such as Figure 9 .
Because the number of pixels in a UPIV image is generally smaller than in an optical PIV image, advanced techniques for increasing spatial resolution are essential.
Thus, an improved method that brings enhancement in accuracy for the examination of UPIV images is described in this paper (Wang & Zheng ) . This method is based on cross-correlation with discrete window offset (Sugii Figure 10 .
We take a multi-grid interrogation algorithm by using a hierarchical approach. Then the particle image displacement is measured by cross-correlation function under an assumption that the motion of the particles' image within the interrogation window is almost uniform. Due to the varying displacement field, the image intensity has to be interpolated at non-integer pixel location which will increase the computational load. Multi-step analysis of UPIV images can be viewed as comprising two procedures:
multi-grid analysis and iterative analysis.
The fundamental difference between optical PIV and UPIV is the timing of the image formation. In optical PIV, a CCD device obtains a snapshot of the tracer images. In UPIV, the image is constructed by sequentially recording scan lines. This means that different parts of the ultrasound image are recorded at different times, while in optical PIV the velocity is yielded simply by dividing the displacement When flow velocity is 12.47 cm/s and SSC is 0.517‰, the deviation of Y2-Y3 is within 7 mm, and the deviation of Y1-Y3 is within 13 mm. The biggest deviation is at the position of 165 mm in Figure 13(b) . These deviations have also included the thickness of sedimentary particles on the riverbed. The sedimentary particles have formed a layer which is moving along the topographic bed. This is the main reason for a big deviation.
The comparison in Figure 13 shows that the visualization measurement and 3D reconstruction errors are not bigger than 1 mm for the topographic bed. This effectively eliminates the influence of moving particles, and recreates the original bedform under muddy water flow. Therefore, this method realizes the real-time dynamic measurement of the topographic bed and the statistical analysis of the topographic peak, trough, wavelength and its moving speed in the sedimentladen water flow. It provides an effective way to observe bedform sediment motion and the analysis of underwater topography bedform during hydraulic model experiments.
Moving particle velocity and flow field measurement
According to the section 'Measurement of imaging particle velocity', we can measure the velocity of moving particles in the water flow by using the UPIV method, which is based on the velocimetry algorithm and the sweep correction. Then we can obtain the flow field by measuring particles' imaging spots in the image. For example, two successive B-mode ultrasound images are used to measure the flow velocity of moving particles and the flow field in the water flow. Figure 14 shows two successive B-mode ultrasound images.
For the analysis, the two ultrasound images (Figure 14) are sub-divided into 64 × 64 pixel non-overlapping In order to assess the validation for estimating local depth-averaged velocities, first, it gets a value using all measurements at each sampling position, and assumes that represents a true value. Second, the depth averaged velocity distribution of the sediment-laden flow is chosen as the statistic compared with the standard velocity obtained by the ADCP method. The depth-averaged velocity distribution of the sediment-laden flow is obtained by ensemble averages and is listed among 50 ultrasound PIV images in Table 2 . Figure 15 and Table 2 show by the ADCP method has significant agreement with theoretical value, which is a Doppler measurement technique that has been verified. One interesting observation that can be drawn is that the velocity profile of the UPIV method is lower than the actual velocity. In fact, the profile flow velocity obtained by UPIV has a much better agreement with actual velocity during hydraulic model experiments after comparison with some other data, which are obtained by laser Doppler velocimetry and propeller type current meter.
Sediment incipient velocity measurement
As the boundary of underwater topography surface can be obtained by continuous trace extraction, and the flow velocity of moving particles in the water can be measured by using the UPIV method, we can monitor the sediment incipient motion near the surface bed and then obtain the incipient velocity of sediment particles. From the above, the imaging spot number in the image can be counted according to the described method of the section 'Statistics of imaging spots'. The imaging boundary of the underwater topographic bed in the image can be tracked automatically and reconstructed according to the described method of the section 'Extraction of imaging bedform'. The flow velocity of moving particles near the topographic bed can also be measured according to the described method of the section 'Measurements of imaging particle velocity'. Therefore, analysis of sediment incipient motion and the measurement of sediment incipient velocity can be realized by using the above-described methods in the section 'Imaging measurement method'.
After different kinds of model experiments, results show there are the same features in the image for the imaging signals of different sand materials and particle sizes, that is, the imaging spot number of sand particles near the bed is low when flow velocity is smaller than sediment incipient velocity, and the imaging spot number increases slowly with the increase of the flow velocity. However, the imaging spot number is suddenly increased when the flow velocity is up to or bigger than the sediment incipient velocity, and the related curve of the imaging spot number changes hugely. According to these features, through multiple sets of water channel experiments with different flow sections, the imaging spot number curves changing with flow velocities are obtained, and their change rate curves are also analyzed. The extreme turning points of these curves are analyzed when the sand imaging spots are suddenly changed. The imaging sediment particle undergoes a mutation process during the sediment incipient process. According to the mutation process, the sediment incipient movement is determined and its incipient velocity can be measured based on the corresponding flow velocity (Zou et al. ) .
Lastly, the measured sediment incipient velocities are verified by using the measured topographic bed and the UPIV method. An example of measuring sediment incipient velocity is shown in Figure 16 .
According to the sudden addition phenomenon of imaging particle spots near the bed surface in the B-mode ultrasound image, the sediment incipient velocity can be measured by using the counted imaging spot number, the obtained topographic bed, and the UPIV method. The measuring principle is in accordance with the sediment incipient motion and related principles, and the measured sediment incipient velocity can be verified by the UPIV method during the water channel experiments.
CONCLUSIONS
This paper proposes a B-mode ultrasound imaging measurement method and its application system, and then realizes the visualization measurement of sediment particles, underwater topographic bed and flow velocity by using this system under muddy water or in sedimentladen flow. Further applications of this ultrasound imaging 
